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Abstract-A moving boundary value problem is considered to investigate he one-dimensional propagation f 
fire fronts in forests. The problem is solved by the finite difference method with real physical parameters of
forests. The theoretical nd experimental results are compared to determine the sensitivity of the model for 
forecasting and control of forest fires. 
1. INTRODUCTION 
There have been a number of studies in an attempt o model the behaviour of fire fronts in 
forest media. A brief discussion of these mathematical models can be found in Albini[ 11. These 
mathematical models were designed by empirical, statistical and theoretical methods or a 
combination of these methods. They consider one-dimensional nd steady propagation of flame 
fronts in forests. In these models, the constant propagation speed S is generally found by the 
relation 
(1.1) 
where qk, K, p, h, and qY are, respectively: the amount of heat which comes to or leaves a unit 
width of fuel bed in unit time due to the /cth heat transfer mechanism; the number of heat 
transfer mechanisms; the specific weight of the fuel; the height of the fuel: and, the necessary 
heat to ignite the unit weight of the fuel. The evaluation of qk’s is the main concern in the 
existing models. 
The model presented in this paper considers the propagation of a fire front in forests as a 
moving boundary value problem while accounting for unsteady fire front velocities. This is the 
essential contribution of the presented model with respect o the existing models. Convective 
and radiative heat transfer mechanisms are investigated, and their effects on the behaviour of 
flame fronts are studied. The one-dimensional propagations of flame fronts, i.e. both trans- 
lational and radial propagation, are considered in the analysis. Radial propagation of a fire front 
is not studied in any of the previous models. These translational nd radial propagations are the 
dominant cases of actual forest fires. Ground and crown fires are studied by adjusting the 
appropriate forest parameters instead of designing separate models. 
A computer package, FIRECON, is developed by using the analysis presented in this paper. 
Numerical results obtained by FIRECON are presented and compared with experimental 
results. The prediction sensitivity of the model is also discussed. 
2. ANALYSIS 
Fire fronts start to propagate and then they translate along one dimension under the 
influence of wind and topography. 
For the unsteady behaviour of the flame front, the average temperature Tay in front of the 
flame front can be written as 
Tavk f) = + I 
h 
T(x, t) ds, (2.1) 
*On leave from 
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where h, pI, T, x. s and t are, respectively: the height of the fuel bed: a weight function which 
describes the fuel bed with respect o the character of the fire, which itself can be either ground 
or crown; the temperature which is also function of a variable along the height of the fuel bed; 
a dimension in the direction of the fire movement: a dummy variable; and, time. T will be 
adopted instead of T,, throughout the paper for simplicity. 
Assumptions made for the one-dimensional flame front propagation are stated below, see 
Fig. 1. 
1. The fuel bed is infinitely long in the x direction. 
2. The width of the flame front normal to the x direction is infinite. 
3. The fuel bed has a constant height. 
4. The flame front is a straight line and starts to propagate from the origin. 
5. Heat conduction is neglected as a heat transfer mechanism due to the structure and 
dimension of the problem. 
6. The fuel bed ignites when it absorbs a certain amount of heat. 
The conservation of energy, in terms of heat, for a fuel element of height h. length dx and 
unit width during the lapse of time dt can be written as 
Increase in heat = Heat input - Heat output. 
The increase in heat in the fuel element is 
PC ydxh dt, (2.2) 
where c is the specific heat of fuel. 
The heat inputs into the fuel element are described below: 
The heat input by convection is 
UpcT(x, t)h dt (2.3) 
where U is the velocity of the fluid (air or some other gases) in the fuel bed, which is a porous 
medium. 
The heat radiated from the flame within the fuel element is 
m.F,{ r: - [ T(x, t)]‘} dx dt (2.4) 
where u, E,, F, and Tf 
flame: the geometrical 
Steward [2]. is 
are, respectively: the Stefan-Boltzmann constant: the emissivity of the 
view factor; and, the flame temperature. The geometrical view factor, 
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Fig. 1. The fuel element considered for the investigation of conservation of energy. 
(2.5) 
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and 
x* = [x - X(t)]/L, (2.6) 
where 19, X and L are, respectively: the flame angle (see Fig. 1); the position of the flame front; 
and, the length of the flame. The change of F, during dt is ignored, since this variation has a 
second order effect on the equation of conservation of energy. 
The heat input from the burning embers is 
(2.7) 
where l k, Tk and a are: the emissivity of the embers; the ember temperature; and, a coefficient. 
The radiation from the burning embers occurs throughout the fuel bed. 
The heat outputs from the fuel element are described below: 
The heat carried from the fuel element by the fluid is 
UpcT(x + dx, t)h dt. (2.8) 
The fluid velocity in the fuel element is assumed to be constant. 
The amount of heat which comes from the burning embers and leaves the fuel element is 
UEk Tk4 e-oh-XW+dxlh ,jt. (2.9) 
The heat loss from the upper surface of the fuel element is 
dT(x, t)- Thl dx dt, (2.10) 
where n is the coefficient for heat losses due to radiation and convection from the upper 
surface of the fuel element. T,, is the temperature of surrounding air. 
For simplicity, it is assumed that the heat loss for drying the fuel is considered as part of the 
heat for the ignition of the fuel. This effect is treated as part of the boundary conditions of the 
problem. 
Expressions (2.2). (2.3), (2.4) (2.7) (2.8), (2.9) and (2.10) together yield the equation of 
conservation of energy as 
,g+ + G[x, X(t), Tl, (2.11) 
where 
G[x. X(t), T] = a,[x -X(t)]T4+ azT +aj[x -X(t)]+a,[x-X(t)]T;+as, (2.12) 
and 
aI = -(u~./pch)F,[x -X(01, 
a2 = -vlpch. 
03 = (C7E/#T,4/pC) e-“‘“-X’*“, 
a4 = (m,T;/pch)F,[x -X(r)], 
05 = (q/pch)Th. 
The initial condition of the problem is 
t=O T = To(x) (2.13) 
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where TO(x) is the temperature distribution in the medium prior to the propagation of the fire 
front. The moving boundary of the problem is the fire front where the fuel burns and becomes 
ashes and residue. The condition at this boundary is 
x = X(f) T[X(t). tl = T,, (2.14) 
where T, is the evaluated ignition temperature. The value of T, can be expressed as 
2-y = (Q, + Ml/c, (2.15) 
where Q,, n and A4 are: the heat necessary to ignite a unit weight of fuel: the moisture content 
in a unit weight of fuel; and, the heat necessary to dry the fuel which has one unit of moisture. 
The initial condition for the moving boundary is 
t =o+ X(0’) = 0’. (2.16) 
The illustration of the moving boundary value is seen in Fig. 2. 
One dimensional models are quite adequate in most cases where the fire front is being 
drifted by wind or topography. However, the initial behaviour of the fire can best be described 
by its radial propagation. The boundary value problem in this case can be obtained as in the 
previous case, and 
where 
!$+ U, g = H[r, R(t). T] (2.17) 
H[c R(t), Tl= PJr-R(t)lT4+ P2T +&[r- R(t)]+ p4[r- R(t)] +ps (2.18) 
P, = -k%/pchE[r - R(t)19 
Pz = -dpch. 
/33 = (cqaTk4/pc) eAaLrmR(‘)‘, 
P4 = (aczT,4/pchEIr- R(t)], 
and initial and boundary conditions are 
t=o T = To(r), 
r = R(t) T[R(tL rl = T, 
S = The constant vdoclty 
ftre front 
V The unburned zone 
01 f=O r:r, (x) x 
Fig. 2. The boundary value problem in the t-x plane. 
(2.19) 
(2.20) 
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and 
t =o+ R(O+) = 0’. (2.21) 
In these expressions r, U, R(t) and F, are, respectively: the radial distance;the radial velocity 
of the fluid in the medium; the trajectory of the fire front; and, the geometrical view factor for 
the cylindrical fire front, see Fig. 3. 
It is an observed fact that the velocity of the fire front for both cases of propagation, i.e. 
translational and radial, reaches a constant value S. In this case, the moving boundary value 
problem is 
!$+ u$g = f(x, St, T), (2.22) 
t = to T = T,(x), (2.23) 
x = St T(St, t) = T,, (2.24) 
and 
t = to x = x, (2.25) 
where x, f, to, T,, and X, respectively: the space coordinate; the F or G function in equation 
(2.11) or (2.17); the instant at which the fire front reaches a constant speed: the temperature 
distribution in the field at t = to; and, the coordinate of the fire front at t = to. 
The moving boundary value problems stated in this section are highly nonlinear due to the 
structure of the function f. The problem is further complicated because of its moving boundary. 
For these reasons, the finite difference method, a numerical approach, is chosen for the solution 
of the problem. The method will be explained in the next section. 
3. SOLUTION WITH THE FINITE DIFFERENCE METHOD 
The moving boundary value problem is restated for the translational and radial propagating 
fire fronts in the following form 
$+ Ug = f[x, X(t), T] (3.1) 
t=o T = To(x), (3.2) 
x = X(t) T[X(t), tl = Ty (3.3) 
and 
t =o+ x = 0’. (3.4) 
R(f) 
iQ 
F, = The geometrlcol 
vbew factor 
r*= r/L 
R*= R*(tl=R(f)/L 
The fire front 
L 
The fuel element 
I whose upper surface 
area is I dr d4 
F, = ( I /n ) ‘{ton-’ / (r*+R*)/(r*-R*)- 
I il+r”2-R*Z )/(ltr”2tR*2)J ton-’ (7 “-R*v(r’ +R”) ) 
Fig. 3. The radially propagating fire front and the fuel element,[2] 
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Equation (3.1). in a discrete form in the grid of Fig. 4, can be written at xi and ti when the 
fire front reaches the point Xi as 
Ti.i ,ti.j-t + Ui z.j -Ti-u. = f(q, Xi, TT,) 
I 
Ax 
(3.5) 
which is consistant with equation (3.1), McCracken et al. [3], also noting that 
xi = (i- l)Ax, i=1,2 a, , . . . . (3.6) 
ti = Atk, At, = 0, &=1,2 ,..., 00, (3.7) 
k--I 
Xi = (j - l)Ax, j=l? ,-,.... 30 (3.8) 
and 
* 
Ti.j = (Tij-1 + Ti-t.j)/2* (3.9) 
In these relations, i, j, and k are indices and Ax, Ati, ?;:.i and Vi are respectively: the difference 
in x; the time difference when the fire front propagates between Xi-1 and Xi; the temperature 
at the points Xi > Xi; and, the velocity of the fluid at Xi. Equation (3.5) gives the values of r.1 as 
7& = [AtiAXf(Xi, Xi, 7’:) + AxTi.j-l+ UiAtjT;_r,j]/(Ax + AtjUi). (3.10) 
The discrete forms of the initial and boundary conditions are 
T.1 = TO(&) 
and 
T.i = Tj-1.j = Ty 
By considering 
T: = (Ty + Tj,j-,)/2, 
equations (3.10), (3.11) and (3.13) yield that 
(3.11) 
(3.12) 
(3.13) 
(3.14) 
tl The fire front 
--_----___ 
----------- 
-__--- 
x 
’ AxtAx+ + Ax+Axt 
Fig. 4. The grid constructed in the r-x plane for the solution of the boundary value problem. 
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Equations (3.14) (3.7) and (3.8) define the position of the fire front: also, the temperature 
field at the instant ri and at the point Xi(xi > Xi) can be found by equation (3.10). This is the 
solution to the moving boundary value problem. 
The ratio 
Si = AXlAti* 1 (3.15) 
gives the velocity of the fire front at Xi. The criterion 
IPI = Itsi+! - Si)/Sil </&(Cl) (3.16) 
defines the point X, at which the flame front reaches its constant value. Then, the trajectory of 
the flame front can be defined as 
t =(x-Xs)/S+ts (3.17) 
where t, is the time from the start of the fire to the time at which the fire front reaches a 
constant value. 
The convergence of the numerical scheme is investigated by considering several values of 
Ax. If the final grid in the r-x plane is constructed by choosing a value of Ax, then for any value 
of Ax smaller, convergence is obtained if the arrival time of the fire front to the maximum 
observation distance differs by a negligible amount for the two values of Ax. 
The choice of Ati, through equation (3.14), provides stability to the numerical scheme. This 
choice assures that any value of temperature in front of the fire front can not exceed TY which 
is the maximum temperature in the medium. 
4. APPLICATIONS AND CONCLUSION 
A computer package, FIRECON, Cekirge[41, has been prepared based on the analysis 
presented in the previous section. The accuracy of the theoretical prediction, using FIRECON, 
is tested by comparing it with the experimental data given by Wooliscroft [5-71, and also by 
Teisin[8]. This comparison is shown in Table 1. In this table, ST and S: are the constant 
velocities of the front found experimentally and obtained in [8] which considers only radiation. 
ST and S: are the velocities of the fire front, evaluated by FIRECON, when it reaches a 
constant value, considering only radiation and radiation and convection effects, respectively. 
The results are compared in the sense of @c which is 
where o,, p and p0 are respectively: the relative error in the pfh evaluation; an indice; and, the 
numbers of forest fires considered. 
Table 1. Comparison of experimental and theoretical results 
Forest 
fire 
No. 
ST 
(m/s) 
St 
(m/s) 
ST-3 
% = -g-- 
2 
3 
4 
5 
6 
7 
8 
9 
@< 
0.013 0.015 
0.086 0.069 
0.300 0.132 
0.015 0.013 
0.088 0.104 
0.210 0.125 
0.028 0.071 
0.150 0.284 
0.146 0.600 
-0.13 
0.25 
1.27 
0.15 
-0.15 
0.68 
-0.61 
-0.47 
1.43 
0.73 
s:, a = 0, 
(m/s) 
0.014 
0.040 
0.209 
0.009 
0.146 
0.161 
0.048 
0.224 
0.060 
ST-3 
% = sf s:,azo St-St % =St 
(m/s) 
-0.07 0.014 -0.07 
1.15 0.084 0.02 
0.44 0.298 0.01 
0.66 0.009 0.66 
-0.40 0.146 -0.40 
0.30 0.202 0.04 
-0.42 0.048 -0.42 
-0.33 0.224 -0.33 
1.43 0.144 0.01 
0.71 0.31 
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The following conclusions can be made by examining Table 1: 
1. The evaluations which consider only radiation effects, i.e. S,* and ST, show almost the 
same sensitivity, 4, = 0.73 and 0.71 respectively. 
2. The evaluations which consider both radiation and convection effects, i.e. S,* values, 
improve the prediction sensitivity for the propagation of fire fronts in forests since a, becomes 
0.31 for the case. Convection has been included by choosing an imaginary flow in the forest by 
considering the existing wind in the medium. The choice of the proper values for U (the fluid 
velocity) is made by the relation 
lJ=aU, O<a<l (4.21 
where a and U, are respectively: a coefficient; and the wind velocity. The selection of values 
for a was based on the computer experiments, but with no aid from experimental evidence, 
since the references [5-71 give only values of wind and do not provide any information about 
the flow inside the forest. For the selection of a’s, it is assumed that the flow velocity in the 
forest is less than the measured wind velocity. 
Moreover, the computed results given by FIRECON show that fire fronts propagate radially 
faster than they translate. This fact can also be seen by considering the structure of the 
geometrical view factor, which is the energy scattering property of the fire front in radially 
propagating forest fires. 
The consideration of energy losses also improves the sensitivity of prediction of FIRECON. 
However, results of this are not given in this paper, since the choice of heat loss coefficients 
could not be based on experimental facts. 
The contribution of this study can be summarized as: 
1. The mathematical model and the computer package, FIRECON, provide possibility of 
predicting unsteady as well as the radial behaviour of fire fronts. 
2. The effects of convection and heat losses can be included in the prediction. 
3. The temperature field in front of the fire front can also be evaluated. This would provide 
valuable information when considering the use of fire extinction methods such as trenching, 
water or chemical spraying, etc. 
It should also be mentioned that the calibration and improvement of the model needs an 
enormous amount of detailed experimental data. It is obvious, of course, that it would be 
expensive, lengthy and difficult to obtain such data. However, the importance of the problem 
justifies efforts toward acquiring this data. 
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